Abstract: A novel approach for realizing a microwave photonic image rejection mixer is presented in this paper. It is based on using a widely tunable narrow-band optical notch filter implemented by stimulated Brillouin scattering (SBS) to remove the image signal. The image rejection mixer has a simple structure as it only requires a single integrated dual-polarization modulator for both frequency conversion and pump wave generation for the SBS process. The absence of electrical components enables the image rejection mixer to be operated over a wide frequency range with a high image rejection ratio. A technique is also proposed to suppress the noise generated by the SBS process in the image rejection mixer. Experimental results demonstrate a high and constant image rejection ratio of over 32 dB for the image rejection mixer operating over an RF signal frequency range of 11.8-19.6 GHz, and around −5 dB conversion efficiency.
Introduction
Microwave frequency conversion is a signal processing function, which is commonly found in defence receivers and radio-over-fibre systems. Due to the wideband capability, reconfigurability and electro-magnetic interference immunity in microwave photonic signal processing [1] , frequency conversion implemented using various microwave photonic techniques have been reported [2] - [8] . Many of them are focused on improving the mixer performance such as conversion efficiency, spurious free dynamic range and noise figure. It is also important for the microwave photonic mixer to have the ability to suppress an image signal that is present along with the radio frequency (RF) signal received by an antenna. This is because an unwanted frequency component at the intermediate frequency (IF) signal frequency can be generated at the mixer output when an image signal is mixed with a local oscillator (LO). This unwanted frequency component causes false reception or distorts the IF signal generated by mixing an RF signal with an LO.
An image rejection mixer (IRM) can suppress an unwanted frequency component at the IF signal frequency being generated by an image signal. Pre-filtering and phase cancellation are the two common approaches to realise an IRM [9] . Pre-filtering technique removes the image signal before reaching the photodetector [10] - [12] . It requires a filter with wide tunability and sharp edge roll-off to filter out the image signal without affecting the RF signal and the LO. It is difficult to realise an electrical filter or a conventional optical filter with the above properties. Multi-stage frequency conversion [11] , [12] has been proposed to allow a fixed electrical or optical filter to be employed in an IRM. However, this increases the system complexity and limits the system operating frequency due to multiple optical modulators and/or electrical mixers and amplifiers involved in the system. IRMs implemented by the phase cancellation technique are based on using a pair of quadrature RF signals (or LOs) to generate two quadrature IF signals after photodetection, which are combined using a 90°hybrid coupler [13] , [14] . This results in the two IF signals to have the same phase, whereas the unwanted signals at the IF signal frequency generated by the image signal have an opposite phase. Hence the IF signal power is enhanced while the unwanted signal at the IF signal frequency is suppressed after the 90°hybrid coupler. The phase cancellation technique needs accurate length matching between modulator and photodetector, and requires one or more 90°h ybrid couplers to split and/or combine electrical signals. Although broadband 90°hybrid couplers are commercially available [15] , phase deviation from 90°in the coupler output causes reduction in the image rejection ratio (IRR), which is defined as the ratio of the IF signal power to the power of the unwanted signal at the IF signal frequency generated by an image signal. For example, simulation results show the IRR of a phase cancellation based IRM [14] is below 20 dB when there is ±12°phase deviation in a 90°hybrid coupler. Techniques have been proposed based on using a microwave photonic phase shifter [16] , [17] and a 90°optical hybrid [18] - [20] to realise broadband 90°phase shift with only small phase deviation for image rejection mixing operation. However, they suffer from the stability problem due to modulator bias drift or path length variation caused by environmental perturbations. They also require either two photodetectors [16] - [19] or two balanced detectors [20] followed by a 90°electrical hybrid coupler. Accurate path length matching is needed in both the optical and electrical domains for the IRMs that use a 90°optical hybrid to realise a broadband 90°phase shift.
Recently stimulated Brillouin scattering (SBS) has been proposed to implement a pre-filtering based IRM [21] . It does not involve any electrical component and hence it can operate over a wide frequency range. However, it has several problems. Firstly, it uses the SBS gain spectrum to amplify an RF signal sideband. This not only introduces SBS noise in the system, which consequently degrades the mixer performance, but also alters the RF signal phase caused by the nonlinear phase shift associated to the SBS gain spectrum [22] . Secondly, the Mach Zehnder modulator (MZM) driven by an LO needs to be biased close to the maximum transmission point to obtain a high IRR. The high-power optical carrier detected by the photodetector limits the mixer conversion efficiency to only −22 dB. Furthermore, it needs three separate electro-optic modulators for RF/image signal, LO and pump modulation. It also requires a pump light for the SBS process to realise frequency conversion even without the presence of an image signal. In this paper, we present an IRM based on using the SBS loss spectrum to suppress an image sideband, which does not have the aforementioned problems. In addition, it has a simple structure as it only requires a single integrated dual-polarisation modulator biased at the standard minimum transmission point. Experimental results are presented which demonstrate >32 dB IRR over an 11.8-19.6 GHz RF signal frequency range and a high −5 dB conversion efficiency.
Topology and Operation Principle
The structure and the operation principle of the new SBS based IRM are shown in Fig. 1 . Continuous wave light generated by a laser source is launched into an integrated dual-polarisation modulator, which consists of a dual-drive MZM and a single-drive MZM connected in parallel, a 90°polarisation rotator and a polarisation beam combiner (PBC). The dual-polarisation modulator has the functions of generating RF/image signal and LO sidebands for frequency conversion and generating pump sidebands for the SBS process to suppress an image signal. The dual-drive MZM inside the dualpolarisation modulator has two RF ports and a DC bias port. One of the RF ports is connected to an antenna receiving the RF/image signal. The other RF port is driven by an LO. The dual-drive MZM is biased at the minimum transmission point to suppress the optical carrier. The spectrum at the output of the dual-drive MZM is depicted in Fig. 1(b) . This shows the upper sideband (USB) and the lower sideband (LSB) of the RF signal, image signal and LO together with the suppressed optical carrier. The single-drive MZM inside the dual-polarisation modulator is driven by a pump, which is required for the SBS process to generate a loss spectrum for suppressing the upper image sideband. It is biased at the minimum transmission point and hence a pair of pump sidebands is generated after the single-drive MZM. The polarisation state of the pump sidebands is rotated by 90°via a 90°polarisation rotator connected to the single-drive MZM output. The orthogonally polarised optical signals in the top and bottom arms of the integrated dual-polarisation modulator are combined at a PBC.
The output of the dual-polarisation modulator is connected to a polarisation beam splitter (PBS) via a polarisation maintaining fibre (PMF), which splits the RF, image and LO sidebands to the top PBS output port and the pump sidebands to the bottom PBS output port. An optical filter OF 1 is used to suppress the lower RF, image and LO sidebands. The pump sidebands pass through an optical circulator before launching into an SBS medium, which can be a long single mode fibre (SMF), a dispersion shifted fibre [23] or a chalcogenide photonic chip [24] . The pump sidebands are travelled in an opposite direction to the RF, image and LO sidebands in the SBS medium as shown in Fig. 1(c) . Two pairs of gain and loss spectrums are introduced by the two pump sidebands [22] . The pump frequency f p is designed so that the centre of the loss spectrum generated by the upper pump sideband is located at the upper image sideband, which has the frequency of f c + f p + f B where f c and f B are the optical carrier frequency and the Brillouin frequency shift respectively. At the same time, the centre of a gain spectrum generated by the lower pump sideband is located at the lower image sideband with the frequency of f c − f p − f B . The RF/image signal and LO after SBS signal processing pass through the optical circulator and amplify by an optical amplifier. This is followed by an optical filter OF 2 , which is used to suppress the amplified spontaneous emission (ASE) noise generated by the optical amplifier and the SBS process. The output optical signal spectrum with the upper image sideband being suppressed as shown in Fig. 1(d) is detected by a photodetector. The RF sidebands and the image sidebands beat with the LO sidebands at the photodetector to generate an IF signal and an unwanted signal at the IF signal frequency respectively.
The IRM is designed to operate at the frequency above the Brillouin frequency shift of the SBS medium. As an example, considering a standard SMF is used as an SBS medium which has a Brillouin frequency shift of 11 GHz and the IRM is used to down convert an RF signal at 11.8 GHz to a 200 MHz IF signal using an LO with a frequency of 12 GHz. In this case, the image signal is located at 12.2 GHz. In order for the centre of the SBS loss spectrum generated by the upper pump sideband to be located at the upper image sideband with the frequency of f c + f I M , the pump frequency needs to be 1.2 GHz. Note that the lower pump sideband generates a gain spectrum centred at the lower image sideband with the frequency of f c − f I M . However, this image sideband together with its adjacent RF and LO sidebands are largely suppressed by the optical filter. Also note that the additional loss and gain spectrum centred at f c − f p + f B = f c + 9.8 GHz and f c + f p − f B = f c − 9.8 GHz respectively as shown in Fig. 1 (c) can be neglected as they are outside the IRM instantaneous bandwidth, which is limited by the Brillouin linewidth of the SBS medium and is around 15 MHz for a silica fibre. Techniques such as frequency modulating [25] or phase modulating [26] the pump wave have been reported to increase the Brillouin linewidth to hundreds of megahertz. This can be used to increase the instantaneous bandwidth of the SBS based IRM. In the case where the RF signal frequency is 10.8 GHz, which is below the Brillouin frequency shift of a standard SMF, and the LO frequency is 11 GHz. The pump frequency needs to be 0.2 GHz so that the two pump sidebands travelled in an opposite direction in the SBS medium are ±0.2 GHz away from the carrier. This generates two SBS loss spectrums where one is located at f c + f p + f B = f c + 11.2 GHz, which suppresses the upper image sideband. However, the other SBS loss spectrum is located at f c − f p + f B = f c + 10.8 GHz, which suppresses the upper RF sideband. This shows the SBS based IRM needs to operate at the frequencies above the Brillouin frequency shift of an SBS medium. Since there is no electrical component involved in the structure shown in Fig. 1(a) and the centre of the SBS loss spectrum can be varied by simply adjusting the pump frequency, image rejection mixing operation with a high IRR can be obtained over a wide frequency range from the Brillouin frequency shift of the SBS medium to the upper operating frequency of the dual-polarisation modulator.
The frequency response of the optical filter OF 1 needs to be designed as shown by the dotted line in Fig. 1(c) to largely suppress the lower RF, image and LO sidebands without affecting the USB. Note that two high-power ASE noise components at the centre of the two SBS gain spectrums are generated by the SBS process as shown by the dotted line in Fig. 1(d) . The ASE noise located at the lower image sideband beats with the adjacent suppressed LO sideband, which generates an SBS noise at the IF signal frequency. The optical filter OF 2 before the photodetector can be used to suppress this ASE noise, which consequently reduces the SBS noise after photodetection. This requires OF 2 to have a similar response shape as OF 1 in which the lower RF, image and LO sidebands are located on the edge of OF 2 response. OF 2 also has the function of suppressing the ASE noise generated by the optical amplifier in front of the optical filter. Note that the SBS based IRM presented in [21] uses the SBS gain spectrum to amplify an RF signal sideband. This is different to the IRM shown in Fig. 1(a) in which an image signal is suppressed by designing the centre of an SBS loss spectrum at the upper image sideband. This not only has the advantage of lowering the SBS noise at the IF signal frequency but also avoiding change in the RF signal phase. Since the optical carrier is suppressed by biasing the dual-drive MZM at the minimum transmission point, high conversion efficiency mixing operation can be obtained by using an optical amplifier to increase the amplitude of the RF and LO sidebands before photodetection. It is important to note that, unlike the IRM presented in [21] , here a pump wave is not required to generate an output IF signal. The pump is only required when an image signal is present at the mixer input to realise image rejection mixing operation.
Analysis and Simulation Results
Referring to Fig. 1(a) , portion of the RF, image and LO sidebands can leak to the bottom PBS output port and pass through Port 1 to Port 3 of the optical circulator into the photodetector, which affects the mixer IRR. The amount of this leakage signal is dependent on the extinction ratio of the PBS and the cross talk of the optical circulator. Commercial PBSs and optical circulators have typical extinction ratio of 22 dB and typical cross talk of 50 dB respectively. Hence the leakage RF, image and LO sidebands are much smaller than that travel in the top PBS output port through the circulator Port 2 and 3 into the photodetector. Therefore, the effect of the PBS extinction ratio and the optical circulator cross talk on the mixer IRR was neglected in the following analysis. The output electric field of the dual-drive MZM driven by an RF signal along with an image signal and an LO can be expressed as
where E i n is the amplitude of the electric field into the dual-polarisation modulator, a RF , a I M and a L O are the RF, image and LO modulation indexes respectively, and J m (x) is the Bessel function of m th order of first kind. The dual-drive MZM and the single-drive MZM inside the dual-polarisation modulator are assumed to have the same insertion loss denoted as t ff . The electric field at the output of the single-drive MZM , which is driven by a pump wave, can be expressed as
where a p is the pump modulation index. The polarisation state of the single-drive MZM output is rotated by 90°via the 90°polarisation rotator . The electric field at the output of the dual-polarisation modulator can be written as
whereẑ andx are the orthogonal polarisation direction. The light from the dual-polarisation modulator is split into two after the PBS. The optical filter OF 1 at the top PBS output suppresses the carrier and the lower RF, image and LO sidebands. The electric field at the output of OF 1 into the SBS medium can be written as
where c O F 1,carri er is the amount of the carrier power suppression caused by OF 1 , and c O F 1,L SB is the amount of the lower RF, image and LO sideband power suppression caused by OF 1 . Note that the SBS notch filtering based IRM is designed to be used for frequency down conversion to generate an IF signal with less than a gigahertz frequency. Hence the RF signal, image signal and LO have less than 2 GHz separation. Therefore, the lower RF, image and LO sidebands, which are located on the edge of OF 1 response, are assumed to have the same loss of c O F 1,L SB for simplicity. The two pump sidebands at the bottom PBS output pass through the optical circulator into the SBS medium, which generate an SBS gain spectrum centred at the lower image sideband G (f c − f I M ) and an SBS loss spectrum centred at the upper image sideband A (f c + f I M ). The optical signal at the output of the SBS medium passed through the optical circulator is amplified by an optical amplifier. The optical filter OF 2 before the photodetector can be used to suppress the ASE noise at the SBS gain spectrum, which is located at the lower image sideband. The output electric field into the photodetector can be expressed as 
The output photocurrent at the IF signal frequency generated by the RF signal beat with the LO at the photodetector, can be obtained by collecting the terms that contain f RF − f L O in (6), and is given by
where P i n is the optical power into the dual-polarisation modulator and is the photodetector responsivity. Similarly, the output photocurrent at the IF signal frequency generated by the image signal beat with the LO at the photodetector, can be obtained by collecting the terms that contain (6), and is given by
The IRR is the ratio of the output IF signal power to the power of the unwanted signal at the IF signal frequency generated by the image signal beat with the LO, for the same-amplitude RF and image signals into the modulator. It is given by
This shows the IRR of the SBS notch filtering based IRM is dependent on the amount of the LSB suppression caused by the optical filters, and the SBS gain and loss at the image sidebands. Fig. 2 shows the SBS notch filtering based IRM IRR as a function of the amount of LSB suppression caused by the optical filters for different SBS gain/loss. Note that the amount of optical signal attenuation caused by the SBS loss is the same as the amount of optical signal amplification caused by the SBS gain. It can be seen from the figure that more than 40 dB LSB suppression by the optical filters and more than 30 dB suppression in the upper image sideband by the SBS loss spectrum are required to obtain over 30 dB IRR. The IRR can be increased by increasing the SBS gain/loss. In order to obtain 40 dB LSB suppression without affecting the USB when the IRM is operated at the frequency above the Brillouin frequency shift of a standard SMF, the edge roll-off of the combined OF 1 and OF 2 response needs to be >1.82 dB/GHz or >227.5 dB/nm. This can be achieved by commercial optical filters [27] . Note from Fig. 2 that small SBS loss results in a larger IRR compared to large SBS loss when the amount of LSB suppression is around 30 dB. This is because, in this case, the SBS gain is also small and hence the lower image sideband is only slightly increased after passing through the SBS medium. As the SBS loss increases, the SBS gain increases by the same amount, which amplifies the lower image sideband. Eventually the IRR of the SBS notch filtering based IRM is limited by the unwanted signal generated by the beating between the SBS amplified lower image sideband and the lower LO sideband, rather than that generated by the beating between the SBS attenuated upper image sideband and the upper LO sideband. This shows it is important to use an optical filter with a high edge roll-off to largely suppress both the lower image and LO sidebands.
Experimental Results
Experiments were conducted to verify the concept of the new SBS based IRM. The setup is shown in Fig. 3 . The optical source was a tunable laser (Keysight N7711A) generating continuous wave light with 100 kHz linewidth and 15 dBm optical power. The continuous wave light from the laser was launched into an integrated dual-polarisation modulator (Fujitsu FTM7980) via a polarisation controller (PC), which was used to align the light polarisation state into the modulator to maximise the modulation efficiency. Note that the two MZMs inside this dual-polarisation modulator were dual-drive MZMs. Hence a 180°hybrid coupler was connected to the RF input ports of the bottom dual-drive MZM so that this dual-drive MZM behaved like a conventional single-drive MZM. Also note that 180°hybrid couplers with 6-67 GHz bandwidth [28] are commercially available. Unlike the 90°hybrid coupler used in the phase cancellation based IRM, the phase deviation in the 180°hybrid coupler does not affect the mixer IRR. The output of the dual-polarisation modulator was connected to a PBS via a PMF. The optical filter used to suppress the lower RF, image and LO sidebands was implemented by using an optical circulator, a 1-to-4 dense wavelength division multiplexer (DWDM) and a Faraday rotator mirror (FRM). This enables the optical signal to pass through the DWDM twice to obtain an optical bandpass filter response with a high edge roll-off of 220 dB/nm. The pump sidebands at the bottom PBS output port was amplified by an erbium doped fibre amplifier (EDFA). A PC was used to adjust the polarisation state of the pump light into the SBS medium to maximise the SBS effect. The SBS medium used in the experiment was a 15.8 km long SMF, which had 10.848 GHz Brillouin frequency shift. An EDFA and a 0.5 nm bandwidth tunable optical filter (TOF) with an edge roll-off of 25 dB/nm (Santec OTF-320) after the optical circulator were used to suppress the ASE noise before detected by a photodetector (Discovery Semiconductor DSC30S). The characteristic of the SBS loss spectrum was first examined. This was done by biasing the top dual-drive MZM inside the dual-polarisation modulator at the quadrature point. The tunable laser wavelength was adjusted to ensure the optical carrier at the output of the top dual-drive MZM can pass through the optical filter so that the carrier beat with the upper RF sideband at the photodetector generating an output RF signal. A 4.352 GHz pump wave was applied to the bottom dual-drive MZM, which was biased at the minimum transmission point to generate a pair of pump sidebands. The power of the two pump sidebands was adjusted to obtain a frequency response with a deep notch at f p + f B = 15.2 GHz. No LO was applied to the top dual-drive MZM. A vector network analyser was used to apply a frequency swept RF signal into the top dual-drive MZM and to display a notch filter response in the electrical domain, which has the same shape as the SBS loss spectrum. Fig. 4 shows a notch filter response measured over a wide and narrow frequency range. This shows a notch with more than 40 dB depth is generated at 15.2 GHz due to the SBS loss spectrum suppresses the upper RF sideband at the frequency of 15.2 GHz away from the optical carrier. The frequency response away from the notch is flat, which indicates that the loss spectrum can be used to suppress an image signal at 15.2 GHz without affecting an RF signal and an LO at the frequency below 15.1 GHz. Note that drift in the modulator bias point and change in the signal polarisation cause fluctuations in the notch depth of the SBS based notch filter. This can be seen from the two frequency responses in Figs. 4 showing around 5 dB difference in the notch depth. A technique has been proposed and demonstrated to maintain a high 40 dB notch depth in an SBS based notch filter over a 24-hour period [29] .
Next, the image rejection mixing operation was demonstrated by setting the tunable laser wavelength to 1552.26 nm to obtain large suppression in the lower RF, image and LO sidebands by the optical filter OF 1 . Fig. 5 shows the optical spectrum measured after OF 1 when the top minimumbiased dual-drive MZM was driven by a 12 GHz RF signal. This shows the USB in wavelength, which corresponds to the LSB in frequency, is 41.7 dB below the other sideband. This indicates that over 30 dB IRR can be obtained by introducing an SBS loss of more than 30 dB in the upper image sideband, according to the simulation result shown in Fig. 2 . A 14.8 GHz RF signal and a 15 GHz LO from microwave signal generators were applied to the top dual-drive MZM. A 4.352 GHz pump wave was applied to the bottom dual-drive MZM to introduce an SBS loss at f c + 15.2 GHz. Both top and bottom dual-drive MZMs were biased at the minimum transmission point. The gain of the EDFA before the photodetector was adjusted so that the average optical power into the photodetector was 10 dBm. The output IF signal at 200 MHz was measured on an electrical signal analyser connected to the photodetector output and is shown in Fig. 6(a) . The output IF signal power was −12.1 dBm for a −6.8 dBm input RF signal into the modulator. Hence the conversion efficiency, which is defined as the ratio of the output IF signal power to the input RF signal power, is −5.3 dB. This is similar to that obtained in a phase cancellation based IRM [14] and is more than 16 dB higher than that obtained in the previously reported SBS based IRM [21] . The RF signal frequency was changed to 15.2 GHz to represent an image signal applied to the modulator. Fig. 6(b) shows an unwanted frequency component at the IF signal frequency of 200 MHz was generated by the image signal at 15.2 GHz beat with the LO in the photodetector. The power of this unwanted frequency component was −45.7 dBm. Hence the IRR is 33.6 dB. Note that the optical filter (OF 2 ) used in the experiment was a tunable optical filter with an edge roll-off of only 25 dB/nm. Hence the SBS noise suppression by OF 2 could not be demonstrated. As a result, the noise floor of the SBS based IRM output electrical spectrums shown in Fig. 6 was dominated by the SBS noise. Fig. 7 shows the SBS notch filtering based IRM IRR as a function of the input RF signal frequency. The frequencies of the LO and the pump wave were adjusted accordingly to maintain the same output IF signal frequency of 200 MHz and a high IRR of more than 32 dB. The figure shows there is less than 2 dB change in the IRR over the 11.8 to 19.6 GHz RF signal frequency range, which was limited by the bandwidth of the microwave signal generators used in the experiment. The change in the IRR is due to changes in the amplitude of the unwanted signal at the IF signal frequency caused by fluctuation in the notch depth of the SBS based notch filter.
The IRR for different output IF signal frequency was measured by changing the RF/image signal frequency while the LO frequency was fixed at 15 GHz. Fig. 8(a) shows the IRR was around 34 dB for the output IF signal frequency of 150 MHz to 1 GHz when the pump frequency was adjusted accordingly from 4.302 GHz to 5.152 GHz to ensure the centre of the SBS loss spectrum was located at the upper image sideband. The mixer IRR in a narrow output IF signal frequency range was also measured when the pump frequency was fixed at 4.352 GHz. Fig. 8(b) shows more than 30 dB IRR can be obtained for an IF signal frequency range of 12.5 MHz. This shows, in order for the mixer to have over 30 dB IRR, the instantaneous bandwidth of the IRM is 12.5 MHz. A technique based on phase modulating the pump wave to broaden the Brillouin linewidth [26] has been demonstrated, which can be used to increase the mixer instantaneous bandwidth. Finally, the performance of the IRM was investigated for different input RF signal powers when the RF, image and LO frequencies were 14.8 GHz, 15.2 GHz and 15 GHz respectively. Fig. 9 shows the SBS notch filtering based IRM has a constant IRR of more than 33 dB and a constant conversion efficiency of around −5 dB for the input RF signal power below 0 dBm.
Conclusion
A new IRM has been presented. It is based on a pre-filtering technique that uses an SBS loss spectrum to suppress an image sideband without affecting the RF and LO sidebands. Both RF/image signal and LO sidebands generation for frequency conversion and pump sidebands generation for signal processing are performed in a single integrated dual-polarisation modulator. The SBS notch filtering based IRM has high conversion efficiency and frequency independent IRR performance. A technique for suppressing the ASE noise generated by the SBS gain spectrum to reduce the effect of SBS noise in the mixer output has been presented. The mixer IRR in relation to the amount of LSB suppression and the SBS loss has been analysed. Experimental results have demonstrated a frequency independent IRR of over 32 dB and a high conversion efficiency of around −5 dB.
